ABSTRACT We studied larval dispersal behavior of two rice stem borers, Scirpophaga incertulas (Walker) and Chilo suppressalis (Walker), to evaluate the potential of seed mixtures for resistance management in B. thuringiensis (Bt) rice. Both species showed extensive movement among plants (or "hills") in plots of transplanted rice, during the course of larval development. On rice plants at the vegetative stage, almost all S. incertulas larvae dispersed on the day of eclosion. On plants at booting stage, most S. incertulas bored into hills on which egg masses were placed (referred to as the "release hill"). Almost all neonate C. suppressalis also bored into the release hill, at both vegetative and booting stages. At both rice growth stages, most larvae of both species dispersed to new hills between 7 and 18 d after eclosion. Both S. incertulas and C. suppressalis moved among tillers within the release hill, as indicated by an increase in dispersion among tillers over time. The distance and direction of dispersal of ballooning S. incertulas larvae was inßuenced by wind speed and direction. Larval recovery within plots generally declined rapidly over the Þrst 5 d after egg hatch and then more slowly thereafter. Because many S. incertulas and C. suppressalis larvae move among tillers within hills and among hills within plots, many larvae in plots planted to seed mixtures will consume tissue from both Bt and non-Bt plants. This behavior will reduce the cumulative dose of toxin ingested and can accelerate the evolution of resistance.
STEM BORERS OF the families Pyralidae and Crambidae are pests of rice, Oryza sativa L., throughout Asia, causing chronic yield losses that are often estimated at 5% (Pathak and Khan 1994) . In tropical Asia, the most damaging stem borer species is Scirpophaga incertulas (Walker), and Chilo suppressalis (Walker) is the most important species in temperate Asia and also occurs in the tropics. Most of the modern semidwarf rice varieties now grown by farmers have a moderate level of resistance to stem borers, but efforts to produce highly resistant varieties through conventional breeding and wide hybridization with wild rice species have not been successful (Khan et al. 1991) . There is thus substantial interest in introducing toxin genes from Bacillus thuringiensis (Bt) into rice varieties. There have been numerous reports of transformation of rice with various Bt toxin gene constructs (e.g., Wü nn et al. 1996 , Ghareyazie et al. 1997 , Cheng et al. 1998 , although Þeld tests have been conducted only in China (G. Ye, personal communication) .
Concern about the evolution of pest resistance to Bt toxins has stimulated research on resistant management strategies for various Bt crops (Gould 1998, Mellon and Rissler 1998) . The "high dose/refuge" strategy consists of using Bt plants with a high enough dose to make resistance-conferring alleles functionally recessive, and toxin-free "refuges" to promote the survival of susceptible pest genotypes. Possible spatial arrangement of refuges include plant-to-plant mixtures of Bt and non-Bt plants within Þelds (established by sowing a seed mixture), strips of non-Bt plants within Bt Þelds, and mosaics of Bt and refuge Þelds. Which spatial arrangement of refuges will be most effective in delaying the evolution of resistance depends in part on aspects of the biology of the target pest(s), particularly the amount of plant-to-plant movement by feeding stages and the distance that adults disperse before mating. In the case of Lepidoptera, larvae that move between Bt and non-Bt plants might ingest reduced amounts of toxin, thereby undermining the effectiveness of high dose plants (Mallet and Porter 1992, Gould 1998) . Larval movement between Bt and non-Bt plants is likely to be greatest in Þelds planted with seed mixtures, but in some pest species a limited amount of such movement might also occur when refuge plants are conÞned to strips within Bt Þelds or even when separate refuge Þelds are established.
The basic features of larval dispersal of S. incertulas and C. suppressalis have been described previously (e.g., Otake and Oya 1965 , Banerjee and Pramanik 1967 , Rothschild 1971 , Khan et al. 1991 , Sun and Du 1992 , Islam 1994 , Pathak and Khan 1994 . Females of both species lay eggs in masses on the leaves of rice plants. In healthy egg masses, all the eggs hatch within a few minutes of each other, usually in early or midmorning. Newly eclosed S. incertulas larvae crawl out to the leaf tips, from where some descend on silk threads and balloon to other rice plants or "hills." (A hill is a clump of plants, produced from two or more rice seedlings transplanted into the soil at the same point. When referring to a transplanted rice Þeld, the terms "plant" and "hill" are used interchangeably.) Larvae that fall into the water are capable of swimming to colonize a rice plant. Some larvae do not leave the plant on which they eclose, but instead crawl back from the leaf tip and congregate at the point where the leaf joins the stem. Multiple larvae may then enter the leaf sheath through a common hole. Within Ϸ2 h of egg hatch, almost all of the S. incertulas larvae will have either entered the leaf sheaths of the plant on which they eclosed or will have dispersed to other plants. After Ϸ1 wk, some larvae move to other plants or other tillers of the same plant. Second and third instars sometimes ßoat to other plants in cylindrical cases made from rolled leaf tips. In contrast to S. incertulas larvae, most C. suppressalis larvae bore into the plant on which they eclose. Multiple larvae enter the leaf sheath through a common hole. After Ϸ1 wk, larvae begin to disperse to other plants by crawling.
In this article, we analyze temporal and spatial aspects of the movement of S. incertulas and C. suppressalis larvae within and among plants in plots of nontransgenic rice. Although this topic has been studied previously, the research on S. incertulas has been largely descriptive and the quantitative studies on C. suppressalis were conducted in temperate areas with varieties of O. sativa subspecies japonica (Otake and Oya 1965, Sun and Du 1992) . Among other differences, japonica varieties have narrower leaves and fewer tillers than the subspecies indica varieties that predominate in tropical Asia. In addition, studies conducted before the mid-1960s used tall, traditional varieties, which in irrigated rice areas have been almost entirely replaced by modern japonica or indica semidwarf cultivars in the temperate areas and tropics, respectively (Khush 1995) . In this study, we used a modern semidwarf indica variety, characteristic of the varieties that are currently grown by most farmers in tropical Asia.
We conducted experiments under screenhouse and Þeld conditions. It is often easier to discern basic features of insect behavior in the more controlled environment of a screenhouse. We also compared the results of experiments in the two environments because we plan to study larval dispersal in mixtures of Bt and non-Bt rice in screenhouse plots. Screenhouse experiments are necessary because there are still extensive restrictions in Asia on growing and testing transgenic plants in the Þeld. In a companion article (Dirie et al. 2000) , we compared the dispersal of S. incertulas and C. suppressalis larvae from individual potted plants of Bt and non-Bt rice.
Materials and Methods
We conducted eight experiments, each examining larval dispersal of S. incertulas or C. suppressalis at one of two plant growth stages (vegetative or booting) and in one of two locations (screenhouse or Þeld) (Table  1) . Each experiment was conducted twice, with the two trials conducted 4 Ð12 mo apart. Each trial contained two to four replicates of each treatment. A replicate consisted of a plot of plants infested with a single egg mass. The treatments were the number of days after egg hatch in which a plot of plants was harvested and dissected.
Insects. Adult female stem borers were Þeld-collected before each experiment. S. incertulas were collected from farmersÕ Þelds in Batangas and Laguna provinces, Luzon Island, Philippines. Moths resting on rice plants and surrounding weedy vegetation were collected in the early morning using sweep nets and glass vials. C. suppressalis were collected from rice Þelds at the International Rice Research Institute (IRRI), Los Bañ os, Laguna, using light traps and nighttime hand collection from foliage. The moths were placed inside oviposition cages containing potted rice plants and allowed to lay eggs for one or two nights. The plants with eggs were caged to prevent parasitism and predation. Eggs of S. incertulas and C. suppressalis hatch Ϸ7 d after oviposition. Two days before the anticipated day of hatching, the egg masses were collected from the potted plants by cutting 7 cm long sections of leaves with eggs at the tip. For C. suppressalis, the number of eggs per egg mass was determined by counting the eggs under a microscope 1 d before hatching. However, S. incertulas egg masses are multilayered and covered with a thick layer of hair, and the number of eggs per egg mass cannot be counted directly. In four of the experiments with S. incertulas, we estimated the number of eggs per egg mass by visual size comparison with a set of reference egg masses from which the number of hatching larvae had been counted (Romena et al. 1997 ). In the other Þve experiments, we did not obtain an estimate of the number of eggs per egg mass.
Plot Size and Management for Screenhouse Experiments. The screenhouse consisted of two concrete beds (each measuring 28 by 10 m) enclosed with galvanized iron siding (1.3 m high) and screened (mesh size ϭ 0.20 cm) to a total height of 2.5 m. The roof was also made of screening material. The depth of the soil was 15 cm. The plots were plowed, harrowed, fertilized at the rate of 60-20-10, NÐPÐK/ha, and harrowed once more for even distribution of fertilizer. No pesticides were applied to the plots. Golden apple snails, Pomacea spp., were controlled by handpicking.
Seeds of rice variety ÔIR62Õ were sown in greenhouse trays Þlled to a height of 15 cm with soil. IR62 is a high-yielding semidwarf variety with multiple insect and disease resistance, but low to moderate re- sistance to stem borers (Khush 1989) . Fourteen days after sowing, the seedlings were transplanted into the concrete beds at the rate of two seedlings per hill with 20 by 20-cm spacing. Plants within each concrete bed were divided into 24 plots separated by 3Ð5 border rows of rice. Each plot measured 2.4 by 2.4 m, and consisted of one central hill surrounded by 168 hills in six concentric squares referred to as distances A-E (Fig. 1) . Before infestation of the second trial of each experiment, an anemograph was installed near the center of the screenhouse at a height of 1 m, to monitor wind speed and direction. Water was maintained at a depth of 10 Ð20 cm throughout the experiment.
Plot Size and Management for Field Experiments. Twenty-one days after sowing, seedlings of IR62 were transplanted in a 0.25-ha Þeld on the IRRI experiment station. The Þeld was sprayed with a molluscicide 8 d before transplanting, for control of Pomacea spp. Seedlings were transplanted at the rate of two seedlings per hill with 20 by 20-cm spacing. The Þeld was divided into 24 plots, each measuring 4 by 4 m with a central hill surrounded by 440 hills in 10 concentric squares referred to as distances A-J. Twenty to 30 border rows of rice plants were used to separate plots. For all experiments, an anemograph was installed in the center of the Þeld at a height of 3 m to monitor wind speed and direction. Water was maintained at a depth of 10 Ð20 cm.
The plots were enclosed in Þberglass netting for 1 mo before infestation (with the exception of the Þrst booting stage trial with S. incertulas, where no nets were used) to prevent natural infestation of the plots. The border rows were not covered but were checked regularly and stem borer adults and egg masses were removed. The cages were removed from the plots 1 d before infestation.
Plot Infestation and Sampling. Screenhouse and Þeld experiments were conducted at the vegetative and booting growth stages. (The booting stage occurs Ϸ7 d before panicle exsertion and ßowering.) Each plot of plants (replicate) was infested with one egg mass. Plots of vegetative plants were infested with egg masses at 35 d after sowing in the screenhouse and at 40 d after sowing in the Þeld. The time of infestation of booting stage plants varied from 70 to 77 d after sowing in both locations. On the day of anticipated egg hatch (usually 7 d after oviposition), each egg mass was observed until its Þrst eggs began to hatch (between 0900 and 1000 hours); after which it was placed on the central hill of a plot (hereafter referred to as the release hill) between second and third plant leaves.
Each experiment was arranged in a randomized complete block design, with sample time as the factor and two to four replicates per sample time (Table 1) . Plots were destructively sampled at six times, between 0 and 25 d after infestation, but the distribution of sampling times differed among experiments (Table 1) . At the time of sampling, all hills in a plot were carefully pulled out of the soil. The roots were cleaned of soil and each hill was labeled and placed in a separate plastic bag. The samples were stored in a cold room at 6ЊC until dissection. During dissection, we recorded the number and location of the larvae recovered and the number of tillers in each hill.
In two of the Þeld trials (trial 1 with vegetative plants infested with S. incertulas, and trial 1 with vegetative plants infested with C. suppressalis), we destructively sampled some plots on the day before we infested the release hills to provide a measure of natural stem borer infestation in the plots. In both the S. incertulas and C. suppressalis experiments, we recovered a mean of 9.0 larvae per plot, but most of these larvae were already third and fourth instars. This suggested that we could minimize interference from natural infestation by not scoring larvae that were obviously too old to have hatched from the experimental egg mass. We followed this procedure in all Þeld experiments except the Þrst booting trials with S. incertulas and C. suppressalis.
Data Analysis. We analyzed two variables that described the dispersal of larvae within plots over time. The Þrst was the proportion of larvae recovered on the release hill, calculated as the number of larvae on the release hill divided by the total number of larvae recovered in a plot. The second variable was the average distance moved by larvae. To calculate this variable, each hill was assigned a numerical value corresponding to the number of rows that separated it from the release hill, i.e., the value of the release hill was 0, the value of hills at distance A was 1 and of hills at Means within a column sharing the same letter are not signiÞcantly different (P Ͼ 0.05, Fischer protected LSD test). ANOVA for effect of DAY: Screenhouse vegetative, F ϭ 1.9; df ϭ 5, 35; P ϭ 0.12; screenhouse booting trial 1, F ϭ 2.0; df ϭ 5, 15; P ϭ 0.13; screenhouse booting trial 2, F ϭ 1.4; df ϭ 5, 15; P ϭ 0.27; Þeld vegetative trial 1, F ϭ 0.9; df ϭ 4, 4; P ϭ 0.53; Þeld vegetative trial 2, F ϭ 2.2; df ϭ 5, 10; P ϭ 0.14; Þeld booting trial 1, F ϭ 21.7; df ϭ 5, 5; P Ͻ 0.01; Þeld booting trial 2, F ϭ 32.2; df ϭ 5, 5; P Ͻ 0.01. distance B was 2, and so on. The total number of larvae recovered at a particular distance was multiplied by the numerical value of that distance, and these products were summed over all distances. This sum was then divided by the total number of larvae recovered in the plot. Analyses of variance (ANVOA) were conducted to examine the effect of sample time (variable DAY) on the proportion of larvae recovered on the release hill and the average distance moved by larvae, using PROC GLM of the SAS package (SAS Institute 1998). To homogenize variances, values of the proportion of larvae on the release hill were arcsinesquare root transformed and values of average distance moved were log-transformed. Means were compared by the test of least signiÞcant difference (LSD). In experiments with booting stage plants infested with C. suppressalis, the variance could not be homogenized across all days for either variable because there was almost no movement over days 1Ð7. We therefore conducted ANOVAs to compare days 18 and 25 only.
For the screenhouse trials of vegetative plants with S. incertulas and C. suppressalis, where the experimental design was identical for both trials, we examined whether the proportion of larvae recovered on the release hill and the average distance moved could be averaged over trials. If the TRIALϫDAY interaction was not signiÞcant, indicating that the ranking of days was similar in the two trials, then we averaged treatment means over the trials.
We used PROC REG of the SAS package (SAS Institute 1998) to test whether the decline in larval recovery over time Þt an exponential model. For trials where we counted or estimated the number of eggs per egg mass (Table 1) , the dependent variable was the percentage of larvae recovered. For trials with S. incertulas where we did not estimate the number of eggs per egg mass, we used the number of larvae recovered as the dependent variable.
To examine the pattern of larval movement over time among tillers within the release hill, we calculated the standardized Morisita index of dispersion (Krebs 1999) for each replicate of each trial (except, for both species, for trials 1 and 2 with vegetative plants in the screenhouse, and trial 1 with booting plants in the screenhouse). At the time of plant dissection, we recorded the number of larvae in each tiller of the release hill. Each tiller was considered a quadrat, and data from all tillers were used. The standardized Morisita index can vary from Ð1 to ϩ1, with Ð1 indicating maximum uniformity, 0 indicating randomness, and ϩ1 indicating maximum aggregation.
To test for the effect of wind direction on ballooning neonate S. incertulas larvae, each hill was assigned to one of four compass directions, with an equal number of hills within each direction. (The effect of wind on dispersal by C. suppressalis was not analyzed because very few neonate larvae dispersed from the release hill.) We used a chi-square test to determine if there was a uniform proportion of larvae recovered in each of the four directions within each replicate plot. We then tested if there was homogeneity of ratios among the replicates within a trial, by calculating the chisquare value for additivity (Gomez and Gomez 1984) . Replicates in which fewer than 20 larvae were recovered were not included in the analysis. We report two measures of wind speed: the average of the maximum wind speeds recorded each hour during the period in which larvae dispersed by ballooning, i.e., from 0900 to 1300 hours; and the single maximum wind speed recorded during this period. Wind directions reported are the predominant direction recorded from 0900 to 1300 hours.
Results
Dispersal of S. incertulas in Screenhouse Experiments. For the two trials with vegetative plants in the screenhouse, the TRIALϫDAY interaction was not signiÞcant for the proportion of larvae recovered on the release hill (F ϭ 1.2; df ϭ 5, 30; P ϭ 0.36) or the average distance moved (F ϭ 2.4; df ϭ 5, 30; P ϭ 0.06). Consequently, we averaged results over the two trials for these two variables. Most of the S. incertulas larvae (83%) dispersed from the release hill on the day of egg hatching ( Fig. 2a) . Of the dispersing larvae, most were found in the set of eight hills closest to the release hill (i.e., distance A), and beyond these hills the number of larvae recovered decreased as distance increased. This pattern of dispersal remained the same for the remaining sample times. The effect of DAY was not signiÞcant on either the averaged distance moved (Table 2) or the proportion of larvae on the release hill.
On booting plants in the screenhouse (Figs. 2 b and c), most S. incertulas larvae were recovered on the release hill over days 1Ð7, with the exception of day 2 in trial 1. The difference in dispersal from the release hill between larvae on vegetative and booting plants is indicative of an effect of plant size on S. incertulas behavior (see Discussion section). Between days 7 and 18, there was a statistically signiÞcant decline in the proportion of larvae on the release hill in trial 1 (from 0.80 to 0.34; P Ͻ 0.05, LSD test) but not in trial 2 (from 0.50 to 0.15). The effect of DAY on the average distance moved was not signiÞcant for either trial ( Table 2) .
Dispersal of S. incertulas in Field Experiments. In contrast to larvae on vegetative plants in the screenhouse, which were mostly recovered at distance A, the S. incertulas larvae that dispersed from the release hill on vegetative plants in the Þeld were more evenly distributed (Figs. 3 a and b) . The relatively even distribution over distance after 1 d made it difÞcult to discern possible subsequent larval movement among plants. The effect of DAY on distance moved (Table  2 ) and proportion of larvae on the release hill was not signiÞcant for either trial 1 or 2. The even distribution over distance was possibly a result of high wind speeds in the Þeld, as discussed below.
As was the case under screenhouse conditions, a larger proportion of larvae in the Þeld remained on the release hill at booting stage (80 Ð100%) than at vege- tative stage (30 Ð50%) over the Þrst 5 d (Fig. 3 c and  d ). Most larvae began to disperse after day 5 on the booting plants in the Þeld. Between days 5 and 18 in both trials, the proportion of larvae on the release hill declined signiÞcantly (P Ͻ 0.05, LSD test) from 0.80 to 0.11 in trial 1 and from 0.97 to 0.30 in trial 2. There was a signiÞcant increase in the distance moved by larvae over days 5Ð18 in both trials, and a further increase between days 18 and 25 in trial 2 (Table 2) .
Scirpophaga incertulas Larval Recovery. Larval recovery declined rapidly over the Þrst 5 d and more slowly thereafter in Þve of the eight trials (Fig. 4) . Regressions of the form y ϭ ax b provided a signiÞcant Þt to the data (P Ͻ 0.05) in these Þve trials. In the remaining trials, larval recovery was low even on the Þrst few days after egg hatch. In the four trials in which we obtained estimates of the number of eggs per egg mass, larval recovery (expressed as a percentage of the number of eggs) ranged from 39 to 75% at 1 d after infestation, and from 17 to 37% after 25 d.
Scirpophaga incertulas Within-Hill Dispersal. The number of tillers that contained at least one larva at 1 d after infestation ranged from 1 to 7 on vegetative plants, and from 2 to 8 on booting plants, in the Þve trials in which we recorded the number of larvae in each tiller of the release hill. In the trials with booting stage plants the larvae became more dispersed within the release hill over time, as measured by the standardized Morisita index (Fig. 5) , suggesting that there was tiller-to-tiller movement by larvae. In all three booting stage trials, the value of the index was positive (indicating aggregation) on days 1Ð7, and then negative (indicating greater uniformity) on days 18 and 25. The larvae also appeared to become more dispersed over time in the vegetative stage trials, although the trend was not as clear. In two of Þve trials at day 18, and two of three trials at day 25, there was only one replicate for which an index could be calculated. In the other replicates, there was either 1 or 0 larvae recovered on the release hill.
Effect of Wind on S. incertulas Dispersal. In the two screenhouse trials in which we collected data on wind speed and direction (trial 2 with vegetative plants and trial 2 with booting plants), wind speed was low and there was no predominant wind direction (Table 3) . The hypothesis of a uniform proportion of larvae in each of the four directions was rejected (P Ͻ 0.01) in three replicates with vegetative plants, and in two replicates with booting plants. At both vegetative and booting stage, the ratio of larvae among the directions was not homogeneous across replicates (P Ͻ 0.01). This heterogeneity among replicates suggests that when there is little wind and ballooning is not possible, the direction of larval movement may be inßuenced by factors such as the degree of leaf contact between the release hill and adjacent hills. At the time of infestation of vegetative plants, Ϸ75% of the hills were in contact with one or more adjacent hills; whereas at booting stage, all hills were in contact with adjacent hills (A.M.R., unpublished data).
In the Þeld experiments, average wind speeds were higher (8.8 Ð15.5 m/s) and the wind blew from the north or northeast (Table 3 ). The numbers of dispersing larvae in the trials with booting stage plants were small ( Fig. 3 c and d) , so we analyzed the pattern of larval dispersal only in the trials with vegetative plants. The hypothesis of a uniform proportion of larvae in each of the four directions was rejected (P Ͻ 0.01) for all replicates in both trials (Table 3) . In trial 2, the ratio of larvae among the directions was not homogeneous across replicates, whereas this ratio did not differ between the two replicates of trial 1. The largest numbers of larvae were recovered in the downwind directions, i.e., south and west, in all replicates of both trials.
Average larval distance from the release hill was greater in the Þeld experiments than in the screenhouse experiments ( Figs. 1 and 2 ; Table 2 ), presumably as a result of higher wind speeds in the Þeld. However, of the two Þeld trials, trial 1 had the higher average and maximum wind speeds but a lower value of average larval distance after 1 d (1.21 versus 2.44 for trial 2). It is likely that, in addition to wind speed, factors such as humidity and canopy density can inßuence the distance moved by dispersing neonate larvae. NS, not signiÞcant; *, signiÞcant at P Յ 0.05; **, signiÞcant at P Յ 0.01. Ñ, no predominant wind direction. a A signiÞcant value of chi-square for additivity indicates heterogeneity among the replicates within a trial, i.e., they do not share a common ratio of larvae among directions.
Dispersal of C. suppressalis in Screenhouse Experiments.
For the two trials with vegetative plants in the screenhouse, the TRIALϫDAY interaction was not signiÞcant for the proportion of larvae on the release (F ϭ 0.4; df ϭ 5, 30; P ϭ 0.84) or the average distance moved by larvae (F ϭ 0.8; df ϭ 5, 30; P ϭ 0.54).
Consequently, we averaged results over the two trials for these two variables. In experiments with vegetative plants, most C. suppressalis larvae (70 Ð90%) remained on the release hill during days 1Ð7 (Fig. 6a) . Of those larvae that dispersed, almost all were found at distances A and B. Almost all of the larvae on the release hill moved between days 7 and 18, and the proportion on the release hill declined signiÞcantly from 0.70 to 0.07 (P Ͻ 0.05, LSD test). There was also a signiÞcant increase in the distance moved by larvae between days 7 and 18 (Table 4) . Most of the dispersing larvae moved to hills nearby the release hill, with only 12% of larvae found at distance C or beyond on day 18.
With booting plants, 95Ð100% of larvae were recovered on the release hill between days 1 and 7 (Figs. 6 b  and c) . The proportion of larvae on the release hill declined in both trials to Ϸ0.3 between days 7 and 18, with the highest proportion of dispersing larvae recovered at distance A. The average distance moved increased from Ͻ0.05 over days 1Ð7 to Ͼ1 on day 18 (Table 4) . Although there appeared to be further movement between days 18 and 25 in trial 2, the change in the proportion of larvae on the release hill (from 0.32 to 0.19) was not signiÞcant (F-test, F ϭ 4.9; df ϭ 1, 3; P ϭ 0.11), nor was the change in the distance moved (F-test, F ϭ 7.0; df ϭ 1, 3; P ϭ 0.08).
Dispersal of C. suppressalis in Field Experiments. Most C. suppressalis larvae remained on the release hill on the day of egg hatch on vegetative plants in the Þeld (Figs. 7 a and b) , as was the case with vegetative plants in the screenhouse. There was a signiÞcant decline in the proportion of larvae on the release hill in between days 7 and 18 in trial 1 (from 0.62 to 0.03; P Ͻ 0.05, LSD test), and a signiÞcant increase in the average distance moved (Table 4 ). The decline in larvae on the release hill began earlier in trial 2, with a signiÞcant decline between days 2 and 5 (from 0.95 to 0.56; P Ͻ 0.05, LSD test). The average distance moved increased signiÞ-cantly between days 2 and 5, and 5 and 7 (Table 4) . There was no signiÞcant change in distance moved between days 7 and 25, possibly because the already well-dispersed larvae moved as much toward the release hill as away from it.
The pattern of dispersal on booting plants was very similar under Þeld (Fig. 7 c and d) and screenhouse (Figs. 6 b and c) conditions, with almost no movement from the release hill until after day 7. Between days 7 and 18 in the Þeld, there was an apparent decline in the proportion of larvae on the release hill from 0.99 to 0.67 in trial 1 and 0.99 Ð 0.35 in trial 2, and an apparent increase in the average distance moved from Ͻ0.04 over days 1Ð7 to 0.53 (trial 1) and 0.89 (trial 2) by day 18. Although there appeared to be further movement between days 18 and 25 in trial 2, the change in the proportion of larvae on the release hill (from 0.35 to 0.20) was not signiÞcant (F-test, F ϭ 5.6; df ϭ 1, 1; P ϭ 0.25), nor was the change in the distance moved (Ftest, F ϭ 3.5; df ϭ 1, 3; P ϭ 0.31).
Chilo suppressalis Larval Recovery. Recovery of C. suppressalis larvae declined rapidly over the Þrst 5 d in Þve of the eight trials, and more slowly thereafter (Fig.  8) . Regressions of the form y ϭ ax b provided a signif- icant Þt to the data (P Ͻ 0.05) in three of these Þve trials. Larval recovery after 1 d was in the range of 68 Ð 86%, except for the Þrst trial with vegetative plants in the Þeld, where it was only 38%. Larval recovery after 25 d ranged from 9 Ð28%.
Chilo suppressalis Within-Hill Dispersal. A trend in declining aggregation of larvae within the release hill was apparent in experiments with both vegetative and booting plants (Fig. 9) . The number of tillers of the release hill containing at least one larva at 1 d after infestation ranged from 2 to 7 for vegetative stage plants, and from 3 to 6 for booting stage plants. Aggregation remained higher on days 18 and 25 for C. suppressalis than for S. incertulas, and in some cases the standardized Morisita index remained Ͼ1 at these times (Figs. 9 b and c) . The index could not be calculated for day 18 of trial 1 with vegetative plants in the Þeld because no larvae were recovered on the release hills in either replicate.
Discussion
Comparison of Screenhouse and Field Results. The basic features of larval dispersal over time were similar under greenhouse and Þeld conditions for all experiments. Differences in spatial patterns of dispersal were most substantial with S. incertulas on vegetative plants, where most larvae disperse by ballooning shortly after egg hatch, a process highly inßuenced by wind. Other differences between screenhouse and Þeld experiments appeared to be partially caused by differences in the number of tillers per hill at the time of hatching. In future screenhouse experiments with mixtures of Bt and non-Bt plants, we will be able to manipulate tiller number by changing factors such as plant age at the time of infestation, fertilizer levels, and numbers of seedlings transplanted per hill.
Effect of Plant Size on Dispersal. There was substantial variation in the proportion of neonate S. incertulas dispersing from the release hill, with distinct differences between vegetative and booting plants, and, to a lesser extent, between screenhouse and Þeld conditions. Plant size appeared to be an important factor inßuencing these differences. In both the screenhouse and Þeld, a greater proportion of neonates dispersed from vegetative plants than booting plants. Tiller number increases in rice during the vegetative stage, with the maximum number reached before the booting stage. Tillers at booting stage are also of greater diameter and therefore offer larvae larger food resources and shelter. In our experiments, hills at booting stage had Ϸ1.3 and 2.5 times more tillers than at vegetative stage, under screenhouse and Þeld conditions, respectively (Table 1) . At booting stage, differences between screenhouse and Þeld experiments in the proportion of neonate S. incertulas larvae dispersing from the release hill also corresponded with differences in tiller number at the time of infestation. The proportion of larvae remaining on the release hill during days 1Ð5 was generally greater in the Þeld (80 Ð100%) than in the greenhouse (34 Ð75%), and hills in the Þeld had 1.5 times more tillers than those in the screenhouse. It thus appears that neonate S. incertulas larvae are able to sense plant size or the relative degree of larval crowding and to respond by changing the probability of dispersing. For C. suppressalis, plant size had less effect on the proportion of larvae dispersing from the release hill. Although differences in tiller number between vegetative and booting plants were similar to those for S. incertulas (Table 1) , the proportion of neonates dispersing from vegetative plants was only slightly higher than from booting plants.
Larval Recovery Over Time. Levels of larval recovery on day 1 for both stem borer species was Ͼ50% in 10 of the 12 trials for which we collected data on the number of eggs per egg mass. On day 25, at which time most C. suppressalis had pupated and most S. incertulas were Þnal instars, recovery was Ͼ20% in four out of six trials. Our results cannot be strictly considered as survivorship data, because we did not record whether recovered larvae and pupae were dead or alive. This was because it was necessary to dissect many of the plants after 2Ð3 wk of storage at 6ЊC, after which mortality had almost certainly increased. However, larvae recovered at later sampling times were usually of the size that would be expected had they been alive at the time of plant sampling, suggesting that most larvae were alive at the time of sampling. Khan et al. (1991) stated that Ϸ75% of neonate S. incertulas successfully enter the rice plant, and Ϸ10% Means within a column sharing the same letter are not signiÞcantly different (P Ͼ 0.05, Fischer protected LSD test). ANOVA for effect of DAY: Screenhouse vegetative F ϭ 35.1; df ϭ 5, 35; P Ͻ 0.01; Þeld vegetative trial 1, F ϭ 39.0; df ϭ 5, 15; P Ͻ 0.01; Þeld vegetative trial 2, F ϭ 27.7; df ϭ 5, 15; P Ͻ 0.01. ANOVAs with all days were not conducted with screenhouse and Þeld trials with booting plants because variances could not be homogenized.
of these larvae survive to the adult stage. Similarly, Nozato (1982) reported that C. suppressalis larval mortality was low up to 5 d after hatching. In contrast, based on a series of life tables established from 22 S. incertulas generations in a deepwater rice ecosystem, Islam (1994) estimated that 96% of neonate larvae fail to penetrate stems. However, he noted that this Þgure was probably an overestimate because egg mass density was indirectly estimated from adult densities. In addition, Islam (1994) found that mortality of neonate larvae was generally higher in generations before ßooding of deepwater rice Þelds. Our study was conducted in continuously ßooded irrigated conditions. Rothschild (1971) , in a study of mortality factors of S. incertulas and C. suppressalis in Sarawak, Malaysia, estimated that almost 80% of the mortality occurring between the egg and late larval stages was caused by predation and parasitism of egg masses. We avoided egg mortality by placing egg masses on the release hills only after the Þrst eggs began to hatch.
The loss of larvae between egg hatching and plant dissection on day 1 was presumably caused by predation, larval ballooning beyond the limit of the plots, and larval mortality after failure to penetrate plants. After the Þrst day, substantial drops in the percentage of larvae recovered sometimes coincided with a time interval in which signiÞcant larval movement occurred, but in other cases there appeared to be no association. With C. suppressalis, there was a large decline in the proportion of larvae on the release hill in between days 7 and 18 in all trials (with the exception of trial 2 with vegetative plants in the Þeld), but a similar decline in larvae recovered occurred in only in the two screenhouse trials with booting plants. Similarly, with S. incertulas in both Þeld trials with booting plants, there was a substantial drop in larvae on the release hill between days 7 and 18, but not in the percentage of larvae recovered. In cases where there was not a strong association between movement from the release hill and a decline in larval recovery between days 7 and 18, the dispersing larvae (approximately third instar) apparently did not experience high predation or difÞculty in boring into new hills.
Comparison with Other Stem Borers Species. The dispersal behavior of S. incertulas and C. suppressalis shares some features with the behavior of other stem borers of cereals, such as C. partellus (Swinhoe) (Chapman et al. 1983 , Berger 1992 and Ostrinia nubilalis (Hü bner) (Ross and Ostlie 1990) . In all species, initial larvae densities within plots are highly aggregated because of the limited dispersal of larvae eclosing from a single egg mass. Aggregation declines slightly over time, as some older larvae move to new plants. C. suppressalis appears to be unusual in that there is often no dispersal by newly eclosed larvae. Berger (1992) found that dispersal by neonate C. partellus was density dependent, and suggested that this might be caused in part by an increased encounter rate by larvae of silken threads deposited on the plant surface by others, and multiple larvae dispersing from the plant on a single thread. A similar mechanism might account for the increased dispersal of neonate S. incertulas and C. suppressalis larvae from vegetative compared with booting plants.
Implications for Resistance Management. Modeling studies have indicated that movement of insect feeding stages between Bt and non-Bt plants can, under some conditions, accelerate the evolution of resistance to Bt toxins (Mallet and Porter 1992, Gould 1998) . Our results and those of others (e.g., Otake and Oya 1965, Rothschild 1971) show that most C. suppressalis, and many S. incertulas, feed on at least two rice hills during the course of larval development. Larval movement is presumably a response to declining food quantity or quality in the rice tillers (or entire hills) that are initially infested.
In our experiments, 80 Ð100% of C. suppressalis larvae fed on the hill on which they eclosed, and remained on that hill for Ͼ7 d. However, by the end of larval development most larvae moved to another hill. With S. incertulas on plants at booting stage, where 45Ð100% of larvae began feeding on the release hill, movement to new hills was evident as the proportion and number of larvae began to increase on other hills after 5Ð7 d. Whether S. incertulas larvae fed on multiple hills is less clear at vegetative stage, where most larvae dispersed shortly after eclosion. On the day of eclosion, this dispersal appeared to occur before the initiation of feeding, but we have also observed dispersal on the day after eclosion to take place after some feeding has occurred (Dirie et al. 2000) . As a consequence of the early dispersal by S. incertulas, there were often few larvae per plant and thus some larvae may have been able to complete development without having to move to a third plant. We would have obtained a clearer answer to this question had we included a dissection time at 25 d after infestation in our screenhouse experiments with vegetative plants.
In addition to analysis of larval movement among hills, analysis of larval movement among tillers within hills is also relevant to resistance management for Bt rice. Depending on the method by which seed mixtures are established, larval dispersal among tillers within a hill could also result in movement of larvae between Bt and non-Bt plants. Rice hills in transplanted Þelds are typically derived from two to Þve seedlings pulled from a seedbed. If Bt and non-Bt rice seeds are mixed before sowing the seedbed, then individual hills could contain both Bt and non-Bt plants.
There was an apparent decrease in aggregation over time of S. incertulas and C. suppressalis within release hills (Figs. 5 and 9), suggesting that movement among tillers does occur within hills. The number of larvae on the release hills also declined over time (Figs. 2 and 3, 6 and 7) , whereas the number of tillers remained approximately unchanged (data not shown). This raises the possibility that the index of dispersion might have declined as a result of a decrease in "population density." Myers (1978) found that the standardized Morisita index was independent of population density, although our data include a wider range of population densities than that used in her study. There is much debate over the merits of various approaches to quantifying spatial distributions (e.g., Hurlbert 1990 , Krebs 1999 . Further study of within-hill movement of S. incertulas and C. suppressalis is needed.
In the Þeld experiments, a few S. incertulas and C. suppressalis larvae were recovered at distance J, the furthest distance sampled. The plants at this distance are 10 rows, or 200 Ð280 cm, from the release hill. Larvae that were recovered at distance J within 5 d of eclosion presumably had reached there by ballooning as neonates. However, the fact that the number of larvae at distance J sometimes increased between 5 and 25 d indicates that additional larvae arrived later by some combination of ballooning as neonates and then subsequent crawling or ßoating. Maximum dispersal distance is an important factor to consider when mixing Bt and non-Bt crops at the Þeld-to-Þeld level. Our results suggest that it may be possible for later instar S. incertulas or C. suppressalis to crawl far enough to reach an adjacent Þeld. However, we do not know if these larvae are able to cross over the narrow (generally 0.3Ð1 m) vegetation-covered bunds (levees) that separate rice paddies from one another.
Although both S. incertulas and C. suppressalis show substantial larval movement among plants, whether this behavior will accelerate the evolution of resistance to Bt toxins in transgenic rice will depend on additional factors such as the toxin levels within plants and the relative dispersal response and mortality of resistant and susceptible genotypes after toxin exposure. These factors are considered in greater detail by Dirie et al. (2000) .
